Lasers for use in space-borne applications require ultrahigh efficiency due to limited heat dissipation and power generation capacity. In particular, interplanetary optical communication systems require highefficiency, moderate-power (>4 W) optical transmitters in the 1600 nm wavelength range. Resonantly pumped dual-clad erbium-doped fiber lasers are best suited for this purpose. Parametric numerical optimizations are performed using a two-level propagation model modified to include spatial effects specific to large-mode-area fibers. Propagation loss mechanisms are found to be limiting factors due to the relatively low cross-sections and low quenching-free doping densities of erbium. Although experimental reports have demonstrated efficiencies up to 33%, simulation results indicate that over 53% power-conversion efficiency can be achieved using commercial fibers, and over 75% can be achieved using custom fibers employing propagation-loss mitigation strategies.
Introduction
Space-borne optical communication systems require moderate-power laser transmitters for long propagation distances, and ultrahigh efficiency due to limited heat dissipation and power generation capacity. Although ytterbium-doped fiber lasers (YDFLs) have achieved high output power simultaneously with high efficiency [1, 2] , resonantly pumped erbiumdoped fiber lasers (EDFLs) are better suited to this particular application for many reasons: (a) the quantum defect for 1530 nm-pumped EDFLs is smaller than that of YDFLs; (b) longer wavelengths suffer less from atmospheric aberrations and allow optics with reduced tolerances; (c) the atmosphere has a higher transmittance near 1600 nm than near 1070 nm; (d) their emission wavelength (1550-1600 nm) is eye-safe; and (e) there are a wealth of reliable receivers, modulators, and other components for these wavelengths due to the telecommunications industry. Other space-based applications benefitting from such a laser include LIDAR and remote sensing.
Resonant pumping makes use of the lowest two Stark manifolds of erbium ions (Er 3 ), 4 I 15∕2 and 4 I 13∕2 , as shown in Fig. 1 . In this configuration, the Er 3 population is pumped to the higher-lying sublevels of the 4 I 13∕2 manifold, and then quickly relaxes to the bottom of the manifold. The same relaxation depletes the higher-lying sublevels of the 4 I 15∕2 manifold. Inversion is thus created between the lower part of 4 I 13∕2 and the upper part of 4 I 15∕2 . Proximity of the pump and emission wavelengths leads to the very low quantum defect, less than 5% for the case shown in Fig. 1 , which is significantly less than the 36% quantum defect resulting from 980 nm-pumping. The resonant pumping configuration is also free from excited-state absorption (ESA) [3] , a harmful effect when pumping in the 980 nm band. However, the processes of upconversion (UC) [4] and pair-induced quenching (PIQ) [5] are still present. UC, also depicted in Fig. 1 , is a process in which two neighboring ions in the 4 I 13∕2 level exchange energy such that one ion drops to the 4 I 15∕2 level while exciting the other to the 4 I 9∕2 level. The latter quickly recycles back to the 4 I 13∕2 level by multiphonon emission. PIQ is the clustering of neighboring ions. Ions within a cluster undergo a similar energy exchange as UC, but on a much faster time scale. Both UC and PIQ are dependent on the erbium doping density because the ion-ion interaction is dependent on their physical spacing in the glass matrix. These two processes ultimately limit the efficiency of resonantly pumped high-power EDFLs.
Core-pumping typically allows higher powerconversion efficiency (PCE) than cladding-pumping for two reasons: (a) there is less background loss due to the shorter lengths of fiber required and (b) absorbing the spatially confined pump light allows much lower erbium concentration, effectively mitigating UC and PIQ. The high-power high-beam-quality lasers needed for core pumping are, in fact, available. For example, single-mode (SM) erbium-doped fiber master-oscillator/power amplifiers (MOPAs) [6] and fiber Raman lasers [7, 8] have achieved 50 W output at 1535 nm and 204 W at 1480 nm, respectively. These lasers have been used to core pump erbiumdoped fiber, resulting in remarkable PCEs of 80% and 81% in erbium-doped fiber amplifier (EDFA) [9, 10] and EDFL [11] configurations, respectively. However, these lasers are themselves pumped in the 9XX-nm band, limiting the overall system efficiency by a high quantum defect. This translates the seemingly high PCE to an overall opticalto-optical system PCE of 28% and 27%, respectively.
As an alternative, high-efficiency high-power laser diodes (LDs) are becoming available in the 1470-1532 nm band. Due to the poor beam quality inherent to all high-power diode lasers, the dual-clad fiber geometry (cladding pumping) must be used. Although this disallows the beneficial effects of core pumping, direct diode-pumped configurations must be employed in order to truly garner the efficiency benefits of resonant pumping via low quantum defect.
Resonantly cladding-pumped EDFLs were first demonstrated with an output of 0.6 W and a PCE of 64% [12] . More recently, 103 W output with a PCE of 75% was demonstrated in an EDFL [13] , and a PCE of 33% was demonstrated in an EDFA [14] . Although the amplifier efficiencies (≤35%) are not as high as the laser results, both nevertheless point toward the high efficiency that is in principle achievable using resonant pumping. In contrast, 976 nmpumped dual-clad EDFLs have only recently reached 7.5 W output with a PCE of 35%, and the corresponding EDFA a PCE of 31% [15] . Although the experimental results already show resonant-pumping to be superior to 9XX-nm pumping, there has been no study to date exploring the upper limits of efficiency for resonantly cladding-pumped fiber amplifiers.
In this work, we report a systematic numerical optimization of resonantly cladding-pumped EDFAs to be used in a MOPA configuration for space-borne optical communication systems. This paper is organized as follows. The model of the EDFA used in the simulations is explained in Section 2, including a new formalism to account for the inherent physics of large-mode-area (LMA) fibers. The optimization results are presented in Section 3 with discussions of the underlying physical mechanisms. Section 4 provides a brief discussion of the observations and summarizes the results of the paper.
EDFA Model
The EDFA was simulated using a conventional twolevel model including UC, PIQ, and propagation of optical power along the fiber [16] . Amplified spontaneous emission (ASE) is accounted for in the model by propagating spectrally resolved optical power. The equations are given by The
3 doping density, 2k is the fraction of paired ions, and the superscripts (s) and (p) denote single and paired ions, respectively. A Er A core is the cross-sectional area of Er 3 doping, which is uniform across the core. In Eq. (3), "" and "−" refer to forward and backward propagating light, respectively. R λ is the wavelengthdependent Rayleigh scattering coefficient and S is the capture fraction of the fiber [17] .
Special consideration must be made in order to apply this model to LMA fibers. First, as the fiber core diameter is increased, the mode becomes smaller relative to the core, as shown in the left and center of Fig. 2 , and therefore cannot extract the gain at the edges of the core-cladding interface [18] . This problem becomes exacerbated when considering coiling the fiber for SM operation. Although coiling the fiber strips out the unwanted higher-order modes, it causes the fundamental mode to compress in the direction of the bend [19, 20] , as shown in the right of Fig. 2 , further reducing the amount of gain that can be spatially extracted. In order to account for this in a straightforward fashion, the core was divided into two spatially separated parts, each with its own population. One part is determined by the mode area and interacts with all propagating optical power (pump, signal, and ASE). The other part is the remainder of the core area and only interacts with the pump. Since this latter part of the population is pumped where no signal exists, it cannot contribute to amplification of the signal and thus results in reduced net gain. In both parts, the optical intensities and the populations were otherwise assumed to be spatially uniform. This new approach was incorporated into our model through the definitions of the overlap factors Γ m λ and Γ g λ , and captures the spatially dependent nature of the gain in LMA fibers while avoiding the complexity and computation time of a modally resolved model [21] . The effective mode area was calculated by the standard spot-size method [22] with bending incorporated via scaling from previous calculations [23] .
All parameters for the simulations were taken from commercial dual-clad erbium-doped fibers [24] , including a 0.09 numerical aperture (NA), 41 dB∕km nominal background loss, 9 ms upper-state lifetime, 2 × 10 25 m −3 nominal doping density, and 3.6% ion-pair fraction. The cross-sections used at the pump wavelength (1530 nm) were spectrally averaged to account for the 6 nm bandwidth assumed for the 10 W pump diodes. Although the use of fused pump combiners allows >100 W into a standard 125 μm∕0.44 NA fiber using commercial diodes [25] , we select a pump power of 10 W to ensure >4 W output power from the amplifier, as dictated by the application requirements. By matching the simulations with experimental data [26] , the UC coefficient was determined to be 1 × 10 −22 m 3 ∕s, which is in excellent agreement with previously reported values [16] . A simple linear rule was used for scaling both the UC coefficient and the fraction of paired ions with the doping density. Although the bend loss will nominally change with core diameter, a value of 0.1 dB∕m was implemented for cores whose V-number exceeded 2.405. The rationale behind this simplification is that there is a trade-off between mode discrimination and fundamental mode loss, which both become worse for large core diameters. By selecting a fixed value for the mode loss, the amplifier efficiency is balanced against the modal filtering, which may therefore result in degrading beam quality with increasing core diameters. Finally, in the SM regime, the NA increased beyond 0.09 to maintain a fixed V-number (2.25) for core diameters smaller than 12.78 μm.
The simulations were implemented with a finite difference scheme. The fiber was divided into 10,000 segments, on which the power and the population were resolved. An initial guess was first assigned to the signal power, the pump power, and the population assuming a fully saturated gain and 100% quantum efficiency. An iteration was then performed in which the population was first updated based on previously calculated power and the steady state solution to the rate equations. The power was then updated based on the light propagation equations, the previously calculated population, and the injected pump and seed power as boundary conditions. The iteration was stopped when the relative difference in output power between the last two consecutive iterations was less than 0.01%, and the final output power was recorded. In this work, the PCE is defined as the extracted signal power (signal out minus signal in) divided by the launched pump power. From a practical systems engineering perspective, this is the only meaningful definition, particularly when comparing against other results that specify total output signal power or only absorbed pump power.
The simulation code was first validated by comparing against previously published experimental results [14] . As shown in Fig. 3 , the simulations agreed with the experiments to within 10%, which is good agreement considering the uncertainties in the measured cross-sections and other parameters. Fig. 2 . Depiction of mode size and shape relative to a small fiber core, a large fiber core, and the core of a bent fiber.
EDFA Optimization
The generalized simulation strategy that was used for all remaining simulations in this paper was to select a set of conditions and optimize the fiber length to provide the highest output power. In this way, conventional experimental limitations (for example, having a single fixed length of fiber) can be eliminated allowing for global optimization of specific fiber specifications.
The first issue to be addressed is that of signal and pump wavelengths. The inversion level, defined as the fraction of population in the metastable level, plays an important role in determining the optimal pump and signal wavelengths. Figure 4 shows the gain/absorption spectrum of Er 3 for various inversion levels. In order to extract maximum gain for ultrahigh efficiency, seeded amplifiers must be highly saturated yet above transparency, leading to inversion levels around 25%-30%. This results in a maximum absorption near 1530 nm and a maximum gain near 1605 nm, suggesting these two wavelengths to be optimum for the pump and the signal, respectively.
Simulations were used to verify this by optimizing the power as a function of various signal and pump wavelengths. When the pump wavelength was allowed to vary and the signal wavelength and fiber length were optimized for every pump wavelength, the optimum pump wavelength was found to be 1526 nm, as shown in Fig. 5 . However, the pump wavelength was set to 1530 nm based on the output wavelength of commercial LDs in subsequent simulations, which results in an almost negligible change. Optimization of the signal wavelength with the pump wavelength fixed at 1530 nm revealed its optimum value to be 1603 nm, also shown in Fig. 5 . As might be expected, the optimum signal wavelength is close to 1603 nm for all pump wavelengths, the small differences arising from slightly different inversion profiles along the fiber lengths due to different absorption and extraction characteristics of the various wavelengths. In subsequent simulations, the signal wavelength was set to the optimum 1603 nm.
The pump configuration was found to have a measurable impact at the 10 W pump level. By splitting this injected power between the front and the back ends of the fiber, it was found that counterpropagating pump always provides favorable conversion efficiency, as shown in Fig. 6 . Counterpropagating the pump against the signal translates to higher pump power near the end of the fiber where the signal is strong and extracts the gain well. This counterpropagating pump configuration was thus used in all subsequent simulations.
Seed powers ranging from 1 to 800 mW were simulated for output power in the counter-pumped case, with the results shown in Fig. 7 . A seed power level of 200 mW was selected for three reasons: (a) it is high enough to saturate the gain, as seen from Fig. 7 ; (b) the gain required to achieve multiwatt amplification (∼15 dB) is sufficiently low to prevent self Q-switching; and (c) it is easily achievable by a simple EDFA preamplifier.
Nonresonant (scattering) loss via propagation presents an inherent efficiency limiter in high-power EDFAs. The relatively small erbium cross sections combined with their low quenching-free doping densities mean that relatively longer lengths need to be used compared to ytterbium-based systems. Tighter pump confinement (i.e., smaller cladding diameter) allows reduced fiber lengths, thus increasing amplifier efficiency as well as reducing nonlinear effects. However, given the availability of pump brightness, reducing the cladding diameter must be accompanied by a corresponding increase in the cladding NA.
A two-dimensional optimization of the cladding diameter and the erbium doping density was carried out. When the cladding diameter was varied, the etendue (product of diameter and NA) [27] was kept constant to match the etendue of the pump light. This analysis sets the lower bound of the diameter to 55 μm, where the NA reaches unity (i.e., air-clad fiber). Figure 8 shows the optimization results for a conventional 20 μm LMA fiber core, displaying contour plots of constant output power as a function of doping density and cladding diameter. As expected, a smaller cladding yields a higher PCE regardless of doping levels. This is a direct manifestation of reduced net propagation loss via reduced fiber lengths.
Core area also affects pump absorption and hence the required fiber length. The same procedure was carried out for the optimization of the core diameter and the doping density. The output power contour and the associated contour for optimized fiber lengths are shown in Figs. 9 and 10 , respectively, for a conventional 125 μm cladding. There are two maxima in two identifiable regions corresponding to SM and LMA cores. In the SM regime, larger core diameters lead to higher pump absorption and therefore higher efficiency (less propagation loss). Low doping density leads to long fiber lengths and low efficiency, while doping density that is too high leads to reduced efficiency due to UC and PIQ. All of these effects lead the PCE to peak near the SM-LMA division line, beyond which bending loss comes into play. In this LMA regime, in addition to the mechanisms described above, rather large cores reduce PCE because the compressed signal mode only partially overlaps with the pumped Er 3 -doped core and therefore poorly extracts the gain. As such, the optimum efficiency in this regime is defined by the trade-off between pump absorption and gain extraction.
It has already been mentioned that since propagation loss is a major efficiency limiter, smaller cladding diameters can lead to increased efficiency, as noted from Fig. 8 . As such, the extremum of this methodology (air-clad fibers) was used for further optimization, with the results shown in Figs. 11 and 12 . Amplifiers with a 55 μm cladding have globally better pump utilization than those with a 125 μm cladding, namely less pump leakage (not shown) and shorter fiber lengths, as shown in Fig. 12 . Although the trends are generally consistent with the 125 μm cladding optimization (Figs. 9 and 10 ), the shorter fiber lengths resulting from the 55 μm cladding result in a ∼40% increase in maximum achievable output power, as shown in Fig. 11 , consistent with the previous optimization on cladding diameter (Fig. 8) .
Figures 9-12 reveal that (a) loss, whether due to scattering or bending, limits the achievable efficiency, and (b) any methods to mitigate these loss mechanisms (either directly or indirectly) serve to increase the amplifier efficiency. While bending may be inevitable to suppress higher-order modes, the background loss may be able to be mitigated by using different fabrication techniques. While some techniques yield a loss of 41 dB∕km [24] , other techniques can lead to loss as low as 1.7 dB∕km [28] . While this low value may be in part due to lower erbium doping density, it is instructive to simulate such a low loss for understanding the limitations of loss on the amplifier efficiency. The two cases of amplifiers with 125 μm cladding and 55 μm cladding are reconsidered with a background loss of 1.7 dB∕km. Compared to the higher-loss cases, the power maxima in the SM regions of both Figs. 13 and 15 are shifted to lower doping densities with longer associated fiber lengths as shown in Figs. 14 and 16 . Because of the low loss, concentration quenching can be avoided by using lower doping densities, with sufficient pump absorption and gain extraction achieved via longer fiber lengths. This low loss allows the amplifier to approach the quantum-defect limit (91%) when other parameters are appropriately optimized, as shown in Fig. 15 . It should be noted that while core background loss may be able to be as low as 1.7 dB∕km, it is unlikely that high-power polymer claddings can achieve such low loss. Nevertheless, it is instructive to note that with the reduction of background loss, the quantum defect limit of the amplifier can be reached using launched pump power in the PCE metric.
Discussion and Conclusions
As mentioned earlier, when approaching the quantum defect limit, realistic cladding losses (i.e., vendor-specific background losses) should be taken into account. Also allowing for the fact that the low background loss (1.7 dB∕km) may be higher for higher doping concentrations, further simulations indicate that 75% PCE should be achievable. It should be noted that the background losses quoted by various vendors are maximum specifications. Hence, actual background loss values may be lower, resulting in higher efficiencies. The results of these simulations indicating a 75% PCE, therefore, represent a reasonable (i.e., practical) value for the near-term PCE achievable using a custom fabricated fiber without further development into reduction of background loss. It should be noted that this practically achievable PCE is equal to the PCEs achieved in ytterbium-doped fiber amplifiers [29] . Moreover, if concentration quenching can be avoided with sufficiently low-loss fibers, such as the case in Fig. 15 , the PCE of EDFAs can be even higher than that achieved in ytterbium-doped fiber amplifiers.
In the multiwatt pulsed regime, nonlinear effects such as stimulated Brillouin scattering and selfphase modulation can be a problem. Although our simulations indicate that an SM core and long (low-loss) fiber length yield maximum efficiency, both of these choices lead to reduced nonlinear thresholds. As such, practical systems may require the use of LMA fibers and incur a corresponding 5%-25% efficiency reduction, depending on the particular operational regime, with ultimate performance still achieving PCE of 65%.
In summary, parametric numerical optimizations of multiwatt resonantly pumped dual-clad EDFAs are performed using a two-level propagation model modified to include spatial effects in LMA fibers. Propagation loss mechanisms are found to be the limiting factors due to the relatively low crosssections and low quenching-free doping densities of erbium. Simulation results indicate that over 53% PCE can be achieved using commercial fibers, and over 75% can be achieved using custom fibers with propagation-loss mitigation strategies. 15 . Contours of EDFA output power as a function of core diameter and doping density for optimized fiber lengths when the cladding diameter is 55 μm and the background loss is 1.7 dB∕km. Figures 9, 11, 13 , and 15 are drawn on the same color scale as Fig. 8 for easy comparison. Fig. 16 . Contours of optimized fiber length as a function of core diameter and doping density for optimized output power when the cladding diameter is 55 μm and the background loss is 1.7 dB∕km. Note the logarithmic color scale used for these extreme fiber lengths.
